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a b s t r a c t
Zn1xMnxTe dilute magnetic nanocrystals (NCs) were synthesized by fusion method in a glass template
and annealed post-growth. Magnetism and quantum conﬁnement of incorporated Mn-ions were con-
ﬁrmed by magnetic force microscopy (MFM), Raman scattering (RS) and electron paramagnetic reso-
nance (EPR). A blueshift in the RS spectra were clear signatures of Mn2+ incorporation in the dot
structure which were monitored as a function of increasing doping concentration, x. MFM images
strongly indicated the formation of Zn1xMnxTe magnetic phases in the glass system. The EPR spectra
showed six lines associated to the S = 5/2 spin half ﬁlled d-state, characteristic of Mn2+ ions.
 2012 Published by Elsevier B.V.
1. Introduction
The electronic and magnetic properties associated with the
fraction of cations replaced by transition metals in diluted mag-
netic semiconductors (DMS) have attracted considerable attention
in recent years because they display enhanced magneto-optical
properties which can be useful [1]. These structures are also good
candidates for quantum computation, spin ﬁlters and quantum
information, and other spintronic devices [2–4]. In this context,
ZnTe and Zn1xMnxTe semiconductors, with or without quantum
conﬁnement properties, have been synthesized by various meth-
ods, such as mechanical alloying [5], colloidal [6], hot wall epitaxy
[7], and molecular beam epitaxy [1,8,9]. This Letter provides evi-
dence of Zn1xMnxTe NC growth, synthesized by fusion in a glass
template allowing control of optical, morphological and magnetic
properties as a function of magnetic ion concentration, x. The
d-atomic sublevel of a Mn2+ ion, with spin S = 5/2, acts as a
paramagnetic center which has exchange interactions with the
sp-hybridized electron states of surrounding magnetic ions [2,3].
Besides temperature and magnetic ﬁeld sensitivity, this sp-d
exchange interaction is also strongly dependent on Mn ion concen-
tration [7,10]. ZnTe as well as ZnMnTe are key materials, operating
in the deep UV frequency range, which could be used, in the near
future, for transparent single-electron ﬁeld-effect transistors,
lithography and surface modiﬁcation [11]. Thus, new processes
that allow controlled growth of these nanomaterials are always
welcome [12].
2. Experimental details
2.1. Sample preparation
Dilute magnetic Zn1xMnxTe dots were synthesized in an PZABP
matrix with a nominal composition of 65P2O514ZnO1Al2O3
10BaO10PbO (mol%) to which 1Te (wt.%), and Mn at doping
concentration (x) varying with Zn content from 0% to 10% were
added. Samples were prepared by ﬁrst melting powder mixtures
in alumina crucibles at 1300 C for 30 min. Next, thermal annealing
of the melted glass was carried out at 450 C for 10 h in order to
enhance the diffusion of Zn2+, Mn2+, and Te2 species into the host
matrix. Finally, as a result of the thermal annealing, dilute
Zn1xMnxTe NCs were formed in the PZABP matrix. Other details
on the nanoparticles growth in glass matrices by the fusion
method can be found in literature [3,13–15].
2.2. Instrumentation
The Zn1xMnxTe samples were investigated by available tech-
niques: magnetic force microscopy (MFM), Raman scattering (RS)
and electron paramagnetic resonance (EPR). The MFM images were
obtained with a Shimadzu Scanning Probe Microscope (SPM-9600).
Tapping-mode was used to obtain the topography of sample sur-
faces and lift-mode was used for magnetic phase. In lift-mode,
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the tip-sample distance varied by tens to hundreds of nanometers.
These images were recorded to conﬁrm the formation of magnetic
nanoparticles in the PZABP glass matrix. Raman spectra were ex-
cited with the 514.5 nm line of an Argon laser. Room temperature
modiﬁcations in the electronic structure, induced by Mn2+-ion
incorporation in ZnTe dots of identical size (2.1 nm), were exam-
ined by EPR using a high sensitivity Bruker ESP-300 spectrometer
operating in the X-band microwave frequency (9.75 GHz). For all
these characterizations, glass samples in form of blades was sub-
jected to a meticulous polishing process for a long time in order
to assure that the glass surface roughness is smaller than that
nanocrystal sizes and the sides are parallel. In particular, this is
appropriate polishing process in order to obtain necessary AFM im-
age showing regular distribution of dots on the ﬂat nanosurface of
the matrix. In addition, the glass sample is cleaned immediately
before the AFM measurement, in order to avoid incorporation of
any contaminants on the polished surface, which could reduce
the image quality. By using only the average height of the particles
in order to avoid tip convolution effects, we evaluate the average
dot radius. All characterizations were performed at room
temperature.
3. Results and discussion
3.1. MFM Images
Figure 1 shows MFM images from the UV transparent PZABP
matrix containing Zn1xMnxTe NCs grown with concentrations
x = 0 (Figure 1 A), x = 0.005 (Figure 1 B), and x = 0.05 (Figure 1 C).
Each panel in Figure 1 shows a topographic image (2D and 3D), a
corresponding magnetic phase image (right panel) and a typical
proﬁle used to estimate the sizes of NCs isolated from Zn1xMnxTe.
The average size of ZnTe and Zn1xMnxTe quantum dots, esti-
mated from the AFM/MFM topographical images, is R  2.16 nm.
Already, for the ZnTe and Zn1-xMnxTe NCs with bulk properties,
the estimated from the AFM/MFM topographical images average
size of R is estimated at approximately 6.5 nm given that from
R  5.39 nm, ZnTe NCs begin to exhibit bulk properties [15]. It
can be seen that NC size did not change with increasing concentra-
tions x of Mn.
MFM images in Figure 1B and C, regarding magnetic phase,
present some contrasts that correspond to magnetic nanocrystal-
line structures observed in the topographic images (left panels).
These contrasts do not appear in the magnetic phase image
Figure 1A for the sample containing only the ZnTe NCs. This
observation can be attributed to the fact that samples containing
magnetic ions respond magnetically when induced by tip magneti-
zation. Thus, the dark (light) contrasts shown in the MFM images,
Figures. 1B and 2C, indicate that Zn1xMnxTe NCs are magnetic in a
direction parallel (antiparallel) to tip magnetization [16,17]. These
results strongly indicate the formation of magnetized Zn1xMnxTe
nanoparticles in the PZABP glass matrix.
3.2. Raman spectra
Raman spectroscopy is another optical technique that is highly
sensitive to Mn-incorporation and which can probe the phonon
spectrum changes of the nanostructure.
Figure 2 shows Raman spectra recorded for the same samples
discussed in Figure 2. Here, the peaks near 215, 323 and
428 cm1 correspond, respectively, to: (i) a ﬁrst order process
involving one longitudinal optical phonon (1LO) [18,19], (ii) a sec-
ond order process involving combined transversal/longitudinal
optical plus one acoustical longitudinal mode (TO/LO + LA) [24],
Figure 1. AFM/MFM images of Zn1xMnxTe NCs embedded in the glass matrix, with
concentrations: x = 0 in panel (A), x = 0.005 in panel (B) and x = 0.05 in panel (C).
These images illustrate the quantum dot morphology and cluster regions displaying
bulk-like properties (AFM images – 2D and 3D topography), the typical proﬁle used
for the estimated average size of the NCs ZnTe and ZnMnTe (QDs and bulk), and the
surface magnetic domain structure of the samples. The images are 500  500 nm
each.
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and ﬁnally, (iii) a process involving two longitudinal optical pho-
non modes (2LO) of bulk ZnTe [20].
It should be noted that Raman scattering, associated to the 1LO
process, demonstrates blue-shift for increasing magnetic ion
concentration, as shown in Figure 3, The inset shows that the res-
onant peak changes from 215.3 cm1 in undoped ZnTe to
217.3 cm1 for dots doped with a concentration x = 0.1. The origin
of this blue-shift is ascribed to the different atomic mass of
ZnMnTe NCs where a heavier Zn2+ ion is replaced by a lighter
Mn2+ ion: mMn(55) <mZn(65). Thus, in addition to expected in-
crease in phonon mode frequencies with increasing Mn concentra-
tion, this replacement may also induce small distortions into the
zincblende crystalline structure of ZnTe [18].
3.3. EPR Spectra
In order to analyze the magnetic properties of dilute ZnMnTe
NCs, using the same samples discussed earlier, EPR spectra changes
with increasing Mn-concentration were studied, as shown in
Figure 4. To simulate these transitions the Hamiltonian of the
Eq. (1) was used:
H ¼ H0 þ Hz; ð1Þ
here Hz ¼ le S:
!
ge: B
!
describes the Zeeman interaction with le, ge,
and ~B representing the Bohr magneton, the Landé g-factor and the
magnetic ﬁeld strength, respectively [3,13,21–24]. The term,
H0 ¼ D½S2z  SðSþ 1Þ=3 þ EðS2x  S2yÞ þ AS^:^I; includes the zero mag-
netic ﬁeld ﬁne interaction (terms proportional to D and E) between
the electron spin and the crystal ﬁeld. This contribution introduces
non-zero spin splitting only in crystalline environments with sym-
metries lower than cubic. Finally, the term AS^:^I represents the
hyperﬁne interaction between the electron spin and the nuclear spin
of Mn-ions. In the presence of the hyperﬁne interaction, each Mn six-
plet level, associated to the magnetic numbersMS = ±5/2, ±3/2, ±1/2
splits into an additional six levels identiﬁed by the nuclear magnetic
quantum numbers, MI = ±5/2, ±3/2, ±½. The six strongest lines ob-
served in the EPR spectra of Figure 4 are due to the resonance asso-
ciated to the dipole-allowed DMS = ±1 with DMI = 0 [3], as shown
schematically in the inset of Figure 4 where S = 1/2. Certainly, the-
ses resonances attest to Mn2+ incorporation in the core region of the
ZnTe NCs. In addition, it is possible to observe weaker kinks in the
spectrum which are produced by ﬁne and hyperﬁne resonance from
magnetic ions located near the dot surface. This can be seen in the
Zn1xMnxTe samples with concentrations between x = 0.001 and
x = 0.05. For the sample where x = 0.1, both ﬁne and hyperﬁne struc-
tures are too weak and result in only a broad EPR spectrum reas-
sembling a free-like state for S ¼ 1=2 and magnetic spin quantum
number MS = ±1/2.The magnetic ions inside a dot generated an
EPR signal SI and ions located near the surface produced an EPR
signal SII shown in Figure 5 [25]. The simulated SI and SII EPR signals
as well as their combined effects for dipole-allowed transitions
DMS = ±1 with DMI = 0 were compared to the experimental
spectrum recorded for the Zn0.995Mn0.005Te dilute dot sample. The
hyperﬁne constant and g-factor used to generate these two EPR
spectra for a carrier with gI = 2.0097 interacting with Mn-ions with
electronic and nuclear spins S = 5/2; I = 5/2 are: AI = 9.3 mT, for Mn
ions in the ZnTe dot core (signal SI), and AII = 9.7 mT and gII = 2.0300
for Mn-ions at or near the dot surface (signal SII). It can also be seen
that possible distortions in the cubic lattice caused by Mn-
incorporation are negligible since the simulated spectra did not
Figure 2. Raman spectra of Zn1xMnxTe NCs embedded in the UV transparent
matrix containing dots with concentrations: x = 0, x = 0.001, x = 0.005, x = 0.01 and
x = 0.1.
Figure 3. Raman spectra of Zn1xMnxTe NCs embedded in a UV transparent
substrate for dilute samples with Mn-concentrations: x = 0, x = 0.001, x = 0.005,
x = 0.01 and x = 0.1. The inset shows the dependence of the (1LO) resonant phonon
frequency on Mn-concentration at room temperature. The dashed-line is a
polynomial ﬁtting for this phonon mode frequency.
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display any dramatic change for variations in the crystal ﬁeld
parameters D = 3.7 mT and E = 1.3 mT. Thus, for the samples ana-
lyzed, the ZnMnTe dilute dots (x < 0.1) retain their zincblende struc-
ture. Agreement between the mode of the main aspects of the
experimental EPR lines provided further evidence for Mn-incorpo-
ration and magnetic ion presence at the core and surface of the
ZnMnTe dots.
4. Conclusion
In summary, dilute magnetic Zn1xMnxTe nanocrystals were
successfully grown in UV transparent PZABP substrates. Incorpora-
tion of Mn-ions in the dot structure was investigated by available
techniques: AFM/MFM, Raman scattering and EPR. The blueshift
observed in the (1LO) Raman peak as a function of increasing
Mn-concentration provided strong evidence for the presence of
Mn2+ ions in ZnTe NCs. Besides AFM/MFM images show strong
clues about the formation of these DMS NCs, in the glass matrix
PZABP. Further conﬁrmation was obtained from EPR spectra, where
the presence of Mn-ions was detected inside the dot structure and
near the dot surface. These key wide-gap materials could be uti-
lized in lithography, surface modiﬁcation, single-electron ﬁeld-ef-
fect transistors and other device applications.
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